Cantilevers are commonly used in microelectromechanical (MEMS) systems for sensing and optical switching applications. We demonstrate the use of optical tweezers for all optical actuation of a tapered optical fiber used as a cantilever and to drive it as a micromechanical oscillator. A fiber optic confocal detection system is used to monitor backscattered trapping light to sense the position and oscillation characteristics of the cantilever.
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The optical tweezers effect involves the use of tightly focused laser beams to trap and manipulate micrometer scale objects such as polystyrene spheres and single cells 1 .
Several microphotonic devices have recently been developed that are based on the use of optical tweezers. These include demonstrations of the use of fiber-based tweezers for manipulation of polystyrene microspheres 2 , and the use of optically trapped silica microspheres for beam control in optofluidic devices 3 . These devices rely on trapping unrestrained microparticles whose proper placement in the trapping beam often presents practical difficulties including the need for seeding the device with a large number of microspheres, the need to use an optical microscope to enable selection of one of the microspheres for trapping, and the tendency towards trapping multiple unwanted particles. These difficulties have also precluded the use of optical tweezers in dry microelectromechanical systems (MEMS) and although optical tweezers have previously been used to trap particles in air, they usually require some means to launch the particles first to overcome the force of attraction between the microspheres and the substrate on which they originally rest 4 . Here, we show that these drawbacks can be overcome by using appropriately designed cantilevers integrated into the photonic system and aligned to the trapping beam. The use of optical trapping gives greater design flexibility than the use of radiation pressure alone [5] [6] [7] .
Our demonstration used a tapered optical fiber as a cantilever for optical trapping.
( Fig. 1 ) We observed trapping efficiencies Q, defined as the fraction the incident beam's momentum per second converted to trapping force 1 , of up to 0.6. Furthermore, the wavelength of the trapping laser we used was 1.455µm, which is in the telecommunications wavelength range. Not only does this choice of wavelength enable the use of commonly available fiber optics designed for telecommunications purposes, but it will also allow the use of silicon as a transparent cantilever material. This will be 3 convenient for ease of integration into silicon-based devices. This research opens up the possibility of using laser tweezers to optically manipulate cantilevers for applications in optical switching, reconfiguration and alignment in optofluidic and. photonic circuits.
Not only can the taper be used as an optically trapped cantilever, but also as a waveguide. For example, high efficiency coupling of light to photonic crystal waveguides has recently been accomplished using tapered fibers 8 . Such coupling could be optimised and dynamically reconfigured using optical tweezers. Reduction of trapping efficiency in aqueous microfluidic systems due to higher background index should not present a problem for microfluidic applications if we use silicon cantilevers since the high refractive index of silicon (about 3.5 at 1.3-1.5µm) will allow us to maintain a high index contrast even in aqueous solutions.
Tapered optical fibers have been finding increasing application in micro and nanophotonics. They are usually produced by using a carbon dioxide laser 9 or a flame 10 to heat a section of optical fiber to the point of softening when they are physically drawn by stretching so that they taper down to a diameter from a few micrometers to a few hundred nanometers. We used a flame drawn single mode fiber taper made from a commonly used type of fiber (SMF-28 by Corning). It was mounted with epoxy to a glass slide so that the overhanging portion tapered from 40µm radius to 4.25µm radius over a distance of 4mm, thereafter maintaining a constant radius of 4.25µm until its distal end 11mm from the edge of the glass slide. The spring constant κ and fundamental resonant frequency f 0 of the cantilever were 2x10 -4 N/m and 165Hz respectively, as determined using Bernoulli-Euler beam theory 11 . The cantilever was placed on the inverted microscope optical trapping setup shown in Figure 2 and built from standard laboratory optics using a fiber Raman laser (Keopsys) operating at a wavelength of 1.455µm. The trapping objective lens used was a 40x Zeiss Achrostigmat (0.65NA). The laser light was delivered to free space collimating optics via an optical fiber terminated with a circulator. The function of the circulator was to protect the laser 4 from light backscattered from the cantilever along the optic axis of the beam, and to provide a means for monitoring the intensity of the backscattered light to sense the position of the cantilever. Laser light backscattered from the cantilever was automatically collected confocally by the circulator fiber optics and measured with a photodiode. The microscope stage was piezoelectrically actuated so that the cantilever could be swept transversely through the trapping beam in a sawtooth motion. Deflection of the cantilever due to optical forces was monitored using a confocal detection system similar to that used previously to measure viscosity and flow induced forces in microfluidic devices 12, 13 .
When the cantilever was swept through the laser beam at low power (10mW) so that laser induced forces were minimal, the resulting normalized confocal signal s 
and found from the confocal signals s by using the empirically modelled confocal point spread function.
5 Figure 3 shows the trapping efficiency 1 measured this way as a function of the offset of the laser trap from the deflected centre of the cantilever:
where n 1 is the refractive index of the medium surrounding the cantilever, and c is the speed of light. This corresponds to a maximum trapping force of 0.7 nN for a laser power of 350mW. Also shown for comparison is a geometrical optics calculation of the trapping efficiency for a sphere of the same diameter 15 . Note that the trapping efficiency
is not symmetric about the origin due to a slight asymmetry of the trapping beam.
We temporally modulated the trapping laser with a chopper and were able to obtain the dynamics of the cantilever by monitoring the confocal signal. 
where 
This yields a natural frequency of 175Hz and damping coefficient γ=303 sec -1 corresponding to an oscillator quality factor of 1.8. We calculated the effective mass of the cantilever as 1.86 x10 -10 kg and used Equation (6) to determine the magnitude of the axial force applied by a 350mW beam on the cantilever as 146pN.
To see how this result may be applied to microfluidic and MEMS systems it is useful to consider the scaling properties of the spring constants and resonant frequencies of cantilevers. Bernoulli-Euler beam theory 11, 16 shows that the spring constant of a cantilever with uniform rectangular cross section with Young's modulus E, width d,
The fundamental resonant frequency is 
